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Urbanization, communication, and transportation have grown rapidly and simultaneously
deforestation and volcanic eruptions take place on a large scale. As result every moment
tons of foreign particles like soot, dust, ash, and bio-fuel contaminants are released into
the atmosphere. These contaminants mix with air and various green house gases, form a
blanket structure in atmosphere. This mixture of ultraﬁne particle suspension with atmo-
spheric air is known as aerosol. In the present study, numerical simulations of hydrody-
namic single cell buoyant convection of atmospheric aerosol sample enclosed within a
gray enclosure in the presence of a transverse magnetic ﬁeld and surface radiation is
addressed. Flow of the aerosol over deserts and industrial belts is a practical example of
such a condition, where the thermal radiation emanating from the surface, affects the ﬂow
mechanism of the aerosol transport. The emphasis of the present study is only on carbon-
black solid particles of a size in the nanometer range present in atmospheric air. The aer-
osol is treated as nanoﬂuid for the numerical simulation. A comprehensive study on the
controlling parameters that affect the ﬂow and heat transfer characteristics are delineated.
The governing equations are solved using modiﬁed MAC method and SIMPLER algorithm
has been used to solve pressure velocity coupling employing relaxation technique. The
transport equation for surface radiation is solved using the net radiation method. The cross
string method is used to evaluate the view factor. The most striking result is that the heat
transfer rate increases with increase in the volume fraction of the carbon-black particles,
which has an adverse effect on both the climate and living creatures. The results are pre-
sented in tabular and graphical form. The heat transfer and ﬂow characteristics are
depicted in the form of isotherms and streamlines revealing the physics of this complex
phenomenon.
 2012 Elsevier Inc. All rights reserved.1. Introduction
Air pollution is accelerated with the development and growth of civilization. Due to the rapid growth of industrialization,
urbanization, transportation, deforestation and volcanic eruptions a large scale of foreign particles like soot, carbon dust
emission and other pollutants are released into the atmosphere in the form of ultraﬁne dust particles, which are suspended
in the atmosphere and are called aerosols. Large size particles in aerosols play an important role as cloud condensing nuclei. All rights reserved.
warup@iitbbs.ac.in (S.K. Mahapatra).
Nomenclature
B0 applied magnetic ﬁeld [Wb m
2]
Cp speciﬁc heat capacity [J kg1 K1]
Eb dimensional emissive power [Wm
2]
Eb dimensionless emissive power
Fij view factor between segment i and j
g acceleration due to gravity [m s2]
G irradiation [W m2]
Gr Grashof number Gr ¼ gbf ðTH  TCÞL3=m2f
Ha Hartmann number Ha2 ¼ B20L2ref =lf
j dimensionless radiosity
J dimensional radiosity [Wm2]
k thermal conductivity [W m1 K1]
L length of the cavity [m]
Nu Nusselt number
NCR conduction–radiation number NCR ¼ rT4HL=kf ðTH  TCÞ
p dimensional pressure [N m2]
P dimensionless pressure
Pr Prandtl number mf =af
qr dimensional net radiative heat ﬂux [Wm
2]
Qr dimensionless net radiative heat ﬂux
r positional vector
Ra Rayleigh number Ra ¼ gbf TH  TCð ÞL3=mfaf
T temperature in absolute scale [K]
u,v dimensional velocity component [m s1]
U,V dimensionless velocity component
x,y dimensional coordinates [m]
X,Y dimensionless coordinate
Greek Symbols
a thermal diffusivity [m2 s1]
a0 absorptivity of the wall
b coefﬁcient of thermal expansion [K1]
e emissivity
l dynamic viscosity [kg m1 s1]
m kinematic viscosity [m2 s1]
h dimensionless temperature
q density [kg m3]
/ volume fraction of particle concentration
re electrical conductivity of the medium [X1 m1]
r Stefan–Boltzmann constant [Wm2 K4]
Subscripts
C Cold
H Hot
c convective
r radiative
f base ﬂuid
s suspended solid particles
nf nanoﬂuid
tot total
528 S.K. Jena, S.K. Mahapatra / Applied Mathematical Modelling 37 (2013) 527–539(CCN) favoring formation of rain. While small size particles in aerosols have adverse effects on health when inhaled and on
the climate. The brownian movement of aerosols due to kinetic coagulation in the presence of external forces like gravita-
tional, magnetic and electric ﬁelds leads to the formation of tiny particles in the range of nano scale. These aerosol particles
act like a sun shield and affect the earth’s energy balance. Scientists are keen to study the increase of these atmospheric pol-
lutants, because of their adverse effect on health and climate. In this regard, researchers like Dockery et al. [1–3] and Stieb
et al. [4] have investigated the adverse effects of aerosol.
Soot is a vital part of atmospheric aerosols, which are formed by the process of incomplete combustion of fossil fuel and
biomass. Materials with size in the nano meter range possess unique physical and chemical properties, hence the study of
S.K. Jena, S.K. Mahapatra / Applied Mathematical Modelling 37 (2013) 527–539 529nanoﬂuids become essential in the tune of 21st century research. Nano scale particles added ﬂuids are called nanoﬂuids, Choi
[5] has described an innovative techniques to improve the heat transfer by using nano-scale particles in a base ﬂuid. Khana-
fer et al. [6], Jou and Tzeng [7] and Ho et al. [8] have studied free convection of nanoﬂuid enclosed inside cavities and con-
cluded that heat transfer increases with an increase in the volume fraction of the nano particles in nanoﬂuids. Hwang et al.
[9] investigated buoyancy driven heat transfer of water based Al2O3 nanoﬂuids in a rectangular cavity and noticed that the
heat transfer coefﬁcient of the nanoﬂuid relative to that of the base ﬂuid decreases with an increase in the size of the nano
particles. This results in a decrease in the average temperature of the nano ﬂuids. Khanafer et al. [6] investigated the en-
hanced heat transfer in two dimensional enclosure ﬁlled with nano ﬂuid for various pertinent parameters and addressed that
the suspended nano particles increase the heat transfer rate at any Grashof number. Using the numerical model of Khanafer
et al. [6], Jou and Tzeng [7] conducted a numerical experiment on nanoﬂuid and concluded that the heat transfer increased
with an increase in the volume fraction of the nano particles. Wang and Mazumdar [10], Wang et al. [11]conducted a study
on natural convection in nanoﬂuid ﬁlled vertical and horizontal enclosures. Recently Polidori et al. [12] have analyzed the
heat transfer enhancement in natural convection using nanoﬂuids.
Most of the atmospheric convection processes are susceptible to the earth’s magnetic ﬁeld, so they fall in the category of
MHD ﬂow. Particularly, in aerosol, the presence of various foreign particles like soots, dusts, and metal powder makes it more
susceptible to a magnetic ﬁeld. So the MHD ﬂow is also an important aspect of aerosol convection. Rudraiah et al. [13,14]
studied numerically the effect of a magnetic ﬁeld on ﬂow driven by the combined mechanism of buoyancy and thermocap-
ilarity in a rectangular open cavity ﬁlled with a low Prandtl number ﬂuid and observed that as the strength of magnetic ﬁeld
increases the buoyancy- driven convection decreases. Ozoe and Maruo [15] presented correlations for the average Nu as a
function of Ra; Pr and Ha through the numerical investigation of magneto hydrodynamic natural convection in low Prandtl
number ﬂuids, when the direction of the magnetic ﬁeld is opposite to the direction of gravity. Recently Abishek and Katte
[16] have studied buoyant convection in a tilted cavity in the presence of a magnetic ﬁeld into the plane of the enclosures.
Atmospheric convection of aerosols are also susceptible to surface radiation due to solar heating. Surface radiation interacts
with the convection process and affects the heat transfer and ﬂow characteristics. Akiyama and Chong [17] have studied the
effect of surface radiation on natural convection in a rectangular enclosure and concluded that surface radiation interaction
with natural convection is stronger than that on forced convection because of the inherent coupling between the tempera-
ture and ﬂow ﬁelds in natural convection. Balaji et al. [18] used an ACFD approach in a problem involving surface radiation
and free convection. Jaballah et al. [19] studied the effect of surface radiation on natural convection stability in a two dimen-
sional enclosure and concluded that the stability of the ﬂow is inﬂuenced by the radiation according to its dynamic state. In
effect the radiation appears to be a catalytic factor on the behavior of ﬂow. Mahapatra et al. [20] has studied the interaction
of radiation and variable property in a differentially heated cavity. Balaji and Venkateshan [21–23], Hinojosa et al. [24] and
Dehghan and Behnia [25] showed that radiation affects the dynamical and thermal structures of a ﬂuid, reduces the natural-
convective heat transfer component and contributes to an increase in the total amount of heat exchanged in the conﬁgura-
tions considered.
For a proper understanding of the favorable and detrimental aspects of aerosols, a comprehensive study taking the nano-
scale phenomenon into consideration is essential. The present study deals with the investigation of ﬂow ﬁeld behavior and
heat transfer characteristics of aerosol species conﬁned inside a gray chamber in the presence of a transverse magnetic ﬁeld.
The aerosol is treated as a nanoﬂuid, in which carbon-black nano particles are suspended in air, which is taken as the base
ﬂuid. A numerical method is employed to solve the problem, and effect of pertinent parameters are addressed in the current
research. Although the practical mechanism of convection of the aerosol is quite complicated, it is expected that the under-
lying physics remains same. The present study is very useful for industrial brown cloud modeling.X
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Fig. 1. Physical conﬁguration.
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A sample of an aerosol species is enclosed within a differentially heated square enclosure comprised of two isothermal
walls maintained at two different temperature TC and TH with TH> Tc , parallel to the direction of gravity as shown in
Fig. 1. The top and the bottom walls of the enclosure are insulated. A uniform magnetic ﬁeld of strength B0 is applied in a
direction perpendicular to the plane of the enclosure. The enclosure surfaces are assumed to be gray diffuse emitters and
reﬂectors of radiation and the ﬂuid is assumed to be radiatively transparent. The base ﬂuid and the suspended nano particles
are in thermal equilibriumwith each other and no slip occurs between them. The ﬂow is assumed to be incompressible, stea-
dy and laminar in the working range of parameters and all physical properties are assumed to be constant. However, Bous-
sinesq approximation has been assumed. This allows the variation in density to account for the buoyant force i.e. responsible
for the onset of natural convection.
The effective density of the aerosol is expressed asqnf ¼ ð1 /Þqf þ /qs: ð1ÞThe heat capacitance of the aerosol is expressed by Eq. (2), by taking the model for nanoﬂuid of Khanafer et al. [6]ðqCpÞnf ¼ ð1 /ÞðqCpÞf þ /ðqCpÞs: ð2ÞThe carbon-black suspensions present in the aerosol are assumed to be spherical in shape, hence the Maxwell–Garnetts
model is considered for the approximating the effective thermal conductivity.knf
kf
¼ ks þ 2kf  2/ kf  ks
 
ks þ 2kf þ / kf  ks
  : ð3ÞThe viscosity of the aerosol is approximated as the viscosity of base ﬂuid, i.e. air containing dilute suspension of spherical
carbon-black particle as described by Brinkman [26]lnf ¼
lf
1 /ð Þ2:5
: ð4ÞDue to the low concentration of the carbon-black particles, the electrical conductivity of the medium is assumed to be unal-
tered as is that of the conductivity of the base ﬂuid. The following dimensionless groups are introduced to non-dimension-
alized the governing equations.ðX;YÞ ¼ ðx; yÞ
L
; ðU;VÞ ¼ ðu; vÞ
mf =L
:Using the relations in Eqs. (1)–(4), the dimensionless form of the governing equations for mass continuity and momentum
are written as follows@U
@X
þ @V
@Y
¼ 0; ð5Þ
@
@X
U2 þ qf
qnf
 !
P  mnf
mf
 
@U
@X
 !
þ @
@Y
UV  mnf
mf
 
@U
@Y
 
þ qf
qnf
 !
Ha2U ¼ 0; ð6Þ
@
@X
UV  mnf
mf
 
@V
@X
 
þ @
@Y
V2 þ qf
qnf
 !
P  mnf
mf
 
@V
@Y
 !
þ qf
qnf
 !
Ha2V  1 /ð Þ þ /qsbs
qfbf
 !
Ra
Pr
h
 !
¼ 0: ð7ÞAlong with the dimensionless boundary conditions for velocity as follows.U ¼ V ¼ 0; X ¼ 0;1&Y ¼ 0;1:
The coupling between surface radiation and convection arises through the boundary conditions at the insulated wall at the
top and bottom. All the walls of the enclosure are assumed to be opaque, gray and diffuse. The surface emissivity e, of the
wall is assumed to be constant. The net radiative heat exchange between surfaces of the gray enclosure can be determined
from the Eqs. (8) and (9).jðrÞ ¼ eðrÞEbðrÞ þ 1 eðrÞð Þ
Z
A
jðr0ÞdFdAdA0
 
; ð8Þ
jðrÞ ¼ qðrÞ þ
Z
A
j r0ð ÞdFdAdA0
 
; ð9Þ
S.K. Jena, S.K. Mahapatra / Applied Mathematical Modelling 37 (2013) 527–539 531where EbðrÞ is the emissive power of black surfaces, FdAdA0 is the view factor, qðrÞ is radiative ﬂux, jðrÞ is outgoing radiosity,
jðr0Þ is radiosity at location r0, which contributes to the radiosity at r on the wall. Temperature, emissive power and radiosity
are normalized by the following relationsh ¼ T  TC
TH  TC ;
Eb ¼ E

b
rT4H
;
Ji ¼
ji
rT4H
:The dimensionless form of the energy equation is expressed as@
@X
Uh k
#
Pr
@h
@X
 
þ @
@Y
Vh k
#
Pr
@h
@Y
 
¼ 0; ð10Þwhere k# is denoted ask# ¼
ksþ2kf2/ kfksð Þ
ksþ2kfþ/ kfksð Þ
1 /ð Þ þ / qCpð Þs
qCpð Þf
  :The normalized radiosity is expressed asJðrÞ ¼ eðrÞEbðrÞ þ 1 eðrÞð Þ
Z
A
J r0ð ÞdFdAdA0
 
ð11Þor asJðrÞ ¼ QðrÞ þ
Z
A
J r0ð ÞdFdAdA0
 
: ð12ÞBoundary conditions for energy equations at the isothermal walls areh ¼ 1; X ¼ 0;
h ¼ 0; X ¼ 1:The thermal boundary condition at the insulated walls can be expressed in dimensionless form as@h
@Y
þ NCR
k
QðrÞ ¼ 0; at Y ¼ 0; and Y ¼ 1;wherek ¼ ks þ 2kf  2/ kf  ks
 
ks þ 2kf þ / kf  ks
  :The local convective Nusselt number at the isothermal wall is written asNuc ¼  knfkf
 
@h
@X
: ð13ÞAnd the average convective Nusselt number is deﬁned asNuavg ¼ 1L
Z
L
 knf
kf
 
@h
@X
dY; ð14Þwhere L, length of the cavity. The total heat transfer from the cavity is the summation of convective and radiative heat trans-
fer and expressed asNutot ¼ 1L
Z
L
 knf
kf
 
@h
@X
dY þ NCR
k
1
L
Z
L
QrdY: ð15Þ
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It is observed from the nonlinear governing equations as cited in the previous section that they are coupled and the
boundary conditions are interwoven as well. As no closed form solution is obtainable numerical treatment is inevitable.
The modiﬁed MAC (Marker and Cell) method developed by Hirt and Cook [27] is used to solve the mass, momentum and
energy equations. The investigation by Kim and Benson [28] suggest the signiﬁcance of MAC method for accuracy and com-
putational effort. A partial staggered grid arrangement described by Venka et al. [29] is taken for the pressure and velocity
correction. In the partially staggered grid pressure is calculated at the center of the control volume and all other scalar and
vector variables are calculated at the cell corner. The SIMPLER algorithm, Patankar [30] is used to solve the pressure and
velocity coupling. In the pressure correction equation the pressure correction in the neighboring cells are taken as zero,
as described by Biswas [31], which is equivalent to the solution of, full Poisson equation for pressure, as shown by Brandt
et al. [32]. The pressure correction equation is over-relaxed in order to accelerate the solution described by Saha et al.
[33]. The governing differential Eqs. (6), (7) and (10), have been discretized over an elementary control volume. A hybrid
scheme is adopted for the discretization of the advection term. The hybrid scheme is the combination of central and upwind,
later is employed in the region where the solution gradients are high and the former is used in all other regions. Upwind
helps to suppress the oscillations, while the central difference helps to improve the accuracy. Second order central difference
scheme is adopted for the diffusion terms. Overall accuracy of the solution is second order in space. The residue of mass
balance for global convergence is taken as 107. The energy equation is solved for the interior temperature value after each
successful convergence of the mass continuity equation. All the variables are solved by a point by point procedure to reduce
the storage burden of computer.
Prior to solving the energy equation with the nonlinear boundary condition at the insulated wall, the equation for radi-
osity is solved using the net radiation method [40]. The walls of the enclosure are divided into a ﬁnite number of elements so
that the total enclosure surface can be represented as N elements. The equations for surface radiation, Eqs. (11) and (12) are
discretized asTable 1
Grid se
Grid
NuJi ¼ eiEbi þ ð1 eiÞ
XN
j¼1
JjFij; ð16Þ
Ji ¼ Qi þ
XN
j¼1
JjFij: ð17ÞThe ﬁrst part of the Eq. (16) represents the emission part and the second part represents the reﬂection part. Here, Fij rep-
resents the view factor from ith element to jth element i.e. the fraction of radiation intercepted by jth element that leaves
from the surface of ith element. The cross string method developed by Hottel [34] is used for the calculation of view factor,
where, ei refers to the hemispherical total emissivity. In the net radiation method, total radiative ﬂux leaving an element i is
equal to the difference between radiosity Ji and irradiation Gi ¼
PN
j¼1JjFijQi ¼ Ji 
XN
j¼1
JjFij: ð18ÞSimpson’s 1/3 rd rule of integration is used to evaluate Eq. (15). After a detailed discussion of adopted numerical schemes
and their solution procedure, generated code is subscribed with grid independence test along with validations against rel-
evant earlier works.
4. Grid sensitivity study and result validation
To obtain grid independent results, a rigorous grid sensitivity analysis is carried out and the results obtained are pre-
sented in Table 1. The extensive grid sensitivity analysis indicates that, further reﬁning of the grid size above 61 61, does
not yield any substantial change in the average Nusselt number. In order to optimize the computational effort with desired
accuracy, a mesh size of 61 61 is taken for computational purpose.
The code is validated with the existing work in three steps. Validation for natural convection in the absence of magnetic
ﬁeld and surface radiation is done by comparing the average Nusselt number of the present study with the extensive bench-
mark results available in literature [35–38]. The comparisons are presented in Table 2. Balaji and Venkateshan [39] have pre-
sented correlations for estimating the convective and radiative heat transfer rates from a square cavity for laminar naturalnsitivity analysis (Ra ¼ 105 ; Pr ¼ 0:71;Ha ¼ 0; e ¼ 0).
size 31 31 41 41 51 51 61 61 71 71 81 81
4.4339 4.4737 4.4943 4.517 4.5173 4.5175
Table 2
Comparison of average Nusselt Number for (Pr ¼ 0:71;Ha ¼ 0; e ¼ 0).
De Vahl Davis [35] Hortmann et al. [36] Ismail and Scalon [37] Barakos and Mitsoulis [38] Present study
Ra ¼ 104 2.243 2.245 2.256 2.245 2.2483
Ra ¼ 105 4.519 4.522 4.651 4.510 4.517
S.K. Jena, S.K. Mahapatra / Applied Mathematical Modelling 37 (2013) 527–539 533convection with surface radiation. The present code gives good agreement with their correlations. The Present code with
magnetic ﬁeld in the absence of radiation is validated with Abishek and Katte [16], and good agreement is observed, shown
in Fig. 2.5. Results and discussion
The principal objective of the present study is the solution of the problem embracing the natural convection of atmo-
spheric aerosol in the presence of a magnetic ﬁeld and surface radiation. The present study treats the aerosol as a nanoﬂuid,
where the Maxwell–Garnetts (MG) model is used for evaluating nano-ﬂuid thermal conductivity. The parameters which
inﬂuence the complex phenomenon are the volume fraction of carbon-black concentration /, applied magnetic ﬁeld strength
Ha, and surface emissivity e. The Rayleigh number Ra ¼ 105, Prandtl number Pr ¼ 0:71, and the radiation conduction param-
eter NRC ¼ 20, are kept ﬁxed for all computations. A differential temperature of 25 K is maintained across the cavity, where
the Boussinesq approximation is assumed to be held good. The physical properties of the base ﬂuid and carbon-black par-
ticles are provided in Table 3. The above properties are taken for numerical computation.
The physics of the phenomenon has been explored through the obtained ﬂow pattern Figs. 3–5, temperature distribution
Fig. 6, mid plane vertical velocity Figs. 7 and 8 and mid-plane temperature distribution Figs. 9 and 10. In order to bring clarity
about the change in the phenomenon due to volume fraction /, magnetic ﬁeld Ha, and surface radiation e, the ﬂow patterns
and isotherm patterns are presented through, Figs. 3–6, which is used as the basis for comparison. Within the differentially
heated enclosure with the present boundary condition, the ﬂow occurs clockwise as shown in Fig. 3. It is noticed from Fig. 3,
that the ﬂow is continuously weakened with an increase in the volume fraction. The increase in the volume fraction of the
solid suspension increases the equivalent viscosity of the aerosols, which provides more viscous force and the ﬂow is decel-
erated. It is also observed from the stream line pattern Fig. 4, that streamlines get densely packed when the volume fraction
is less, revealing higher ﬂow strength. With an increase in volume fraction, secondary cells evolved being associated with a
reduced ﬂow strength. Mid-plane velocity distribution shown through Fig. 7 reveals that, an increase in the volume fraction
causes the vertical component of the velocity to decrease, with an increase in the size of the stagnant core. Temperature dis-
tribution depicted through Fig. 6 shows that, in the absence of surface radiation the isotherms are orthogonal to the insulated
wall satisfying the boundary condition. The isotherms get densely packed at the lower portion of the hot wall, and at the
upper portion of the cold wall, implying the effective portion of the respective walls, with respect to heat transfer. Stratiﬁ-
cation, across the cavity is observed. The existence of a shear jet within the boundary layer is seen along with a stagnant core.
With an increase in the volume fraction, the isotherms become comparatively packed near the effective portion of the active
walls. This is results due to an increase in the equivalent thermal conductivity.
The effect of the magnetic ﬁeld strength can be realized examining the vector plot, streamline and isotherm pattern given
in Figs. 3–6. The streamlines get rareﬁed with an increase in the strength of the magnetic ﬁeld. With the increase in ﬁeld
strength from Ha ¼ 0 to Ha ¼ 25, the stream function value is reduced drastically, as noticed in Fig. 4. In Fig. 8 it can be seenFig. 2. Comparison of variation of Nu with Ha for Ra ¼ 104; Pr ¼ 2; e ¼ 0.
Table 3
Thermophysical properties of base ﬂuid and suspended particles.
Physical
properties
Base ﬂuid
(AIR)
Suspended particles (Carbon-
Black)
Cp (kJ/kgK) 1.005 0.710
q (kg/m3) 1.225 2000
k (W/mK) 0.025 2000
b (1/K) 3:4 103 7 106
Fig. 3. Vector plot (Ra ¼ 105; e ¼ 0; Pr ¼ 0:71).
534 S.K. Jena, S.K. Mahapatra / Applied Mathematical Modelling 37 (2013) 527–539that the peak velocity within the boundary layer reduces substantially with an increase in magnetic ﬁeld strength, without a
noticeable change in the thermal boundary layer thickness. The high strength magnetic ﬁeld induces a stronger hydro-
magnetic drag, which opposes the natural convection current, consequently the ﬂow is weakened. Consequently the
isotherm pattern gets altered with an increase in Hartmann number. The temperature gradient near the active walls is gets
reduced with an increase in Hartmann number and the change in the isotherm pattern approaches asymptotically towards
the conduction band.
Surface radiation affects the dynamical and thermal structures of the ﬂuid. In order to understand the effect of surface
radiation, the surface emissivity has been varied and the obtained streamlines and the isotherm patterns, depict the conse-
quent changes. Referring to Fig. 5, the secondary cells, formed at the core get lost in the presence of higher emissivity. This
can be attributed to the features of surface radiation, which homogenizes the medium thermally. The effective driving po-
tential for convection slightly gets reduced at the core in the presence of surface radiation. In the presence of surface radi-
ation, it is also seen that the stream lines become more packed, revealing a ﬂow of higher strength. This fact is also
augmented from the observation of mid-plane vertical velocity distribution in Fig. 8. In the presence of surface radiation,
the peak velocity increases, where as the variation of the temperature gradient along the active wall is reduced. It is noticed
from Fig. 8 that the mid plane vertical velocity increases with the inclusion of surface radiation. The surface radiation acts as
an extra source term for energy in the vicinity of the walls, and particles at these regimes get extra energy from the radiation
ﬂux. The isotherms are no longer orthogonal to the insulated wall in the presence of surface radiation. This feature reveals
the existence of conduction transfer, which is compensated by radiative transfer, making their sum zero. The size of the iso-
thermal pools in the vicinity of the insulated wall is increased in the presence of surface radiation. Near the insulated wall, it
is observed in the presence of surface radiation, the hotter ﬂuid occupies a lower position compared to the colder ﬂuid.
Figs. 11 and 12 show the local Nusselt number distribution along the cold wall. It is clear from Fig. 11, that the local as
well the total Nusselt number increases monotonically with an increase in the volume fraction. Despite the fact that the
increase in volume fraction causes a decrease in ﬂow strength, the heat transfer is increased with an increase in volume
Fig. 4. Stream lines (Ra ¼ 105; e ¼ 0; Pr ¼ 0:71).
Fig. 5. Stream lines (Ra ¼ 105;/ ¼ 103; Pr ¼ 0:71).
S.K. Jena, S.K. Mahapatra / Applied Mathematical Modelling 37 (2013) 527–539 535fraction. This is due to the increase in the equivalent thermal conductivity of the aerosol with an increase in volume fraction.
The convective Nusselt number also gets reduced slightly with an increase in wall emissivity as shown in Fig. 12. The average
Nusselt number at the active walls is given in Table 4, which conﬁrms the outcome of the heat ﬂux variation. The increase in
heat transfer is of the order of 15%, when the volume fraction increases from 2 104 to 103, irrespective of magnetic ﬁeld
and surface radiation. Fig. 13 represents the variation of Nusselt number with volume fraction, from the above curve it can be
noticed that the heat transfer increases with volume fraction in a quasi linear relationship. The Nusselt number gets reduced
stringently with an increase in magnetic ﬁeld strength. It is also noticed from Table 4, that the heat transfer is enhanced by
Fig. 6. Isotherm pattern (– / ¼ 2 104, . . . / ¼ 103), (Ra ¼ 105; Pr ¼ 0:71).
Fig. 7. Variation of vertical velocity at mid plane (Ra ¼ 105;Ha ¼ 0; e ¼ 0; Pr ¼ 0:71).
Fig. 8. variation of Vertical velocity at mid plane (Ra ¼ 105;/ ¼ 6 104; Pr ¼ 0:71).
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Fig. 9. Temperature distribution at mid plane (Ra ¼ 105; Pr ¼ 0:71;Ha ¼ 0; e ¼ 0).
Fig. 10. Temperature distribution at mid plane (Ra ¼ 105; Pr ¼ 0:71;/ ¼ 2 104; e ¼ 0).
Fig. 11. Variation of local Nusselt number at cold wall (Ra = 105, Ha = 0, e = 0).
S.K. Jena, S.K. Mahapatra / Applied Mathematical Modelling 37 (2013) 527–539 53740% to 50% when the surface emissivity increases from e ¼ 0 to e ¼ 0:8, and the effect of surface radiation on heat transfer is
more or less independent of the volume fraction and magnetic ﬁeld strength.
Fig. 12. Variation of local Nusselt number at cold wall (/ ¼ 6 104).
Table 4
Total heat transfer Nu.
/ Ha = 0 Ha = 25
e ¼ 0 e ¼ 0:4 e ¼ 0:8 e ¼ 0 e ¼ 0:4 e ¼ 0:8
2 104 4.7092 5.8469 7.5595 3.2363 4.4469 6.1987
6 104 5.2415 6.3104 7.9008 3.7788 4.9610 6.6706
103 5.5243 6.6714 8.3134 4.2172 5.3587 7.0348
Fig. 13. Nusselt number vs. volume fraction (e ¼ 0).
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In view of the above study the following conclusions are outlined.
 With an increase in volume fraction of solid suspension, the heat transfer is enhanced and the ﬂow gets suppressed being
augmented with secondary cells at the core of the cavity.
 The magnetic ﬁeld creates a hydro-magnetic drag, which reduces the ﬂow strength in the domain and consequently the
energy transfer. The isotherm pattern reorients itself towards the conduction band with an increase in magnetic ﬁeld
strength.
 Surface radiation homogenizes the temperature distribution, equilibrates the core and enhances the heat transfer due to
radiative heat ﬂux. Its effect on heat transfer characteristics is independent of volume fraction and magnetic ﬁeld.
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